showed that binding of EF-G·GTP to a prestate ribosome (peptide or no peptide) controls the sequence of interac-(peptidyl-tRNA in the A site and deacylated tRNA in the tions between the ribosome and several translation fac-P site) in the presence of fus promotes a "ratchet-like" tors. This regulation includes the locking and unlocking rotation of the 30S relative to the 50S subunit that stalls of characteristic motions intrinsic to the ribosomal archithe ribosome in a long-lived complex with EF-G·GDP tecture. . In the complex depicted in Figure 1C , in contrast, no such conformational change
Results and Discussion can be observed after binding of EF-G·GDP together with fus, although EF-G in its GDP form becomes stably Unlocking of Ribosomal Motions
bound to the ribosome in the presence of the drug; The presence versus absence of a peptide or just a despite its strong interaction with the factor, the ribosingle amino acid on the P-site bound tRNA strongly somal subunits remain in the relative position they had affects the affinity of the bacterial ribosome to the three before the interaction with EF-G ( Figure 1A ).
Accordtranslation factors IF-2, EF-G, and RF3 (Zavialov and ingly, the ribosome appears to be locked in a state that Ehrenberg, 2003 [this issue of Cell]). The most likely
prohibits any structural rearrangement upon the binding explanation is that there are certain structural changes of the factor. in the ribosome that regulate the action and GTPase
The scenario changes when the binding reaction is activity of these essential G proteins. Cryo-EM and made in the presence of puromycin, which removes the three-dimensional (3D) reconstruction techniques were peptide from peptidyl-tRNA. In this case, the interaction applied to several E. coli 70S complexes (see Experiof EF-G·GDP·fus with the 70S ribosome promotes sevmental Procedures). The first analysis was made with eral major changes ( Figure 1D ). The tRNA in the P site 70S ribosomes, containing either the tetrapeptidyl-tRNA has moved to what appears to be a P/E hybrid site MFTI-tRNA Ile ( Figure 1A Figure 1A ) and after unit. Furthermore, the L1 stalk of the 50S subunit moves ( Figure 1B ) puromycin treatment shows that the overall in the direction opposite to the movement of the 30S ribosomal architecture is very similar in the two cases. subunit head, toward the inter-subunit cavity (compare Not even the position of the P-site tRNA (in green) Figures 1B and 1D) , where it interacts with the P/Echanges when its peptide link with the peptidyl-transtRNA. ferase center in the 50S subunit ( Figure 1A ) is removed Removal of the peptide from the tRNA at the P site by the action of puromycin ( Figure 1B) . It can therefore of a poststate ribosome enhances its affinity to EF-G in be concluded that puromycin treatment per se does not the GTP form and induces EF-G dependent hydrolysis induce a structural change in the ribosome of sufficient of GTP [this issue of magnitude to be recognized at the resolution (10-13 Å ) Cell]). The 3D map of such a ribosome in complex with obtained in our study.
EF-G and the nonhydrolyzable GTP analog GDPNP is The structural study includes the interaction of these depicted in Figure 1E . Both the rotation between the two ribosomal complexes with EF-G in the presence of subunits and the movement of the L1 stalk that were seen as a result of EF-G·GDP·fus binding after puromyeither GDP and fusidic acid (fus) or GDPNP. The re- cin treatment ( Figure 1D ) do occur also here and, simiAgrawal, 2000). The binding of the factor did induce the relative rotation between subunits, seen here in the larly, only a P/E-tRNA is present in the ribosome ( Figure  1E) . Since EF-G in the GTP conformation cannot bind presence of both tRNA and mRNA ( Figures 1D and 1E ). From this it can be concluded that the conformational to postribosomal complexes ( Figure 1A ; Zavialov and Ehrenberg, 2003 [this issue of Cell]), we conclude that change is an intrinsic property of the two-subunit design of the ribosome itself, and that the rearrangement is binding of EF-G in the GTP form requires an unlocked ribosome, i.e., a ribosomal state that is able to switch catalyzed by EF-G. However, the presence of tRNAs alters this behavior. Specifically, the state of the P-site to a conformation with high affinity to EF-G·GDPNP. With this consideration in mind, we will refer with the tRNA regulates the ratchet rotation upon the interaction of the ribosome with EF-G. A charged tRNA at the P term "locked" to ribosomes bearing a charged P-site tRNA, while ribosomes bearing a decylated tRNA in the site (poststate ribosome in Table 1 ) does not allow a high-affinity interaction between the ribosome and EF-P site will be described as "unlocked".
The relative movement between ribosomal subunits G·GTP, and even when the factor binds in its GDP form with fus, the subunit rotation does not take place. As during the 70S·EF-G interaction has been analyzed in several complexes in previous work, and some of the shown by the use of puromycin with those complexes (poststate ribosome and puromycin in take place, presenting the correct binding constellations complexes made in the presence of puromycin leads to a tRNA that is held by the L1 stalk in a P/E position for these ligands.
It is clear that the 70S ribosome becomes unlocked ( Figures 1D and 1E ), in a similar way that the E-site tRNA is held in the factor-free ribosome (Figures 1A and 1B) by the removal of the peptide from the peptidyl-tRNA in the P site, but this event per se does not lead to a or in the locked complex ( Figure 1C ). The contact of the L1 stalk with the tRNA residing in the P/E site and E site, detectable change in the ribosome structure. One attractive explanation for the unlocking event is that it is respectively, is apparently maintained by a movement of the L1 stalk, away from the inter-subunit space of the linked to the ability of the P-site tRNA to enter the hybrid P/E site, which can only occur when the peptide has ribosome, that follows the trajectory of the tRNAs. Coupling of L1 stalk movement and tRNA translocation, directly visualized in our reconstructions, was sugthe E-site tRNA is free (as observed in the structure of D. radiodurans), and a "closed" conformation, in which gested by several findings. A P-site tRNA analog, comprising only the anticodon arm and therefore unable to the exit path is blocked (as in T. thermophilus).
In the present work, binding of EF-G to 70S ribosome interact with the L1 stalk, inhibits translocation (Joseph h27. This observation is compatible with the recent study of the ratchet-like rotation motion carried out by and B1c, the contacts with protein L5 move to different regions of protein S13. In the third bridge, B1a, the real-space refinement (Gao et al., 2003) , where helix h27 of the 16S rRNA, known to switch between two connection that the helix H38 of the 50S subunit forms with S13 (in the factor-free ribosome, Figure 3B ) is lost conformations (Lodmell and Dahlberg, 1997), has been identified as the axis of the ratchet-like rotation in the and protein S19 becomes the new contact point on the 30S subunit side (in the ribosome·EF-G·GDPNP com-30S ribosomal subunit. The rotation of the subunit head around this axis (as measured between the different plex, Figure 3D ). It is obvious that proteins L5 and S13 play a central role in this motion. The fact that the P-site positions of the fitted proteins S13 and S19) is about 10Њ, and the lateral movement of the tip of h44 parallel tRNA interacts with both proteins ( Figure 1E ), we substituted the GDPNP (GTP 4A) to the GDP state ( Figure 4B ) is required to move the analog) with GTP, the resulting map clearly showed a 30S subunit back to the position displayed before the tRNA still residing in the P/P site, while EF-G was not ratchet-like rotation. This back movement could be acvisible due to its turnover. This result indicates that the companied by the mRNA shift of one codon in relation blockage of the mRNA movement due to the vacant A to the 30S subunit that occurs during every translocation site prevented the translocation (data not shown). The step.
P/E position of the tRNA that we observe in the 70S·EF-In the case of the EF-G·GDP·fus complexes, the iso-G·GDPNP complex can be understood as an effect of lated cryo-EM densities for the factor suggest an overall this blockage. Previously, Moazed and Noller (1989) folstructure similar to the EF-G·GTP state described in lowed the movements of tRNAs through the ribosomal Figure 4A (data not shown) . However, the maps did not cavity using chemical footprinting. From that work, it provide a detailed definition of the local features for was believed that immediately after the transfer of the EF-G domains; the masses were discontinuous and did peptide from the P site to the A-site tRNA, these tRNAs not sum up to the whole mass of the factor. The strucmove to the P/E and A/P hybrid sites, respectively. Highland et al., 1975) , one of the logs were used that could inhibit peptidyl-transfer (90% binding sites for EF-G. Therefore, the interference by of the A-site tRNAs were bearing the fMet-Phe dipeptide the antibiotic could have led to an aberrant structure of as judged by HPLC analysis). The final 3D map is shown the elongation factor. Furthermore, the conformational in Figure 5 . As in most of the ribosomal complexes changes they postulate for the translocation factor are visualized in our lab, the E site is occupied by tRNA, difficult to reconcile with the space that is available which we attribute to free deacylated tRNAs that have below the L7/L12 stalk (Ramakrishnan, 2002), which high affinity for the ribosomal exit site. Despite the presmakes difficult to assess the validity of their interpreence of a peptide in the A-site tRNA and the deacylation tation.
of the P-site tRNA, the deacylated tRNA has stayed in Among the binding sites for EF-G, the stalk formed the P/P position. In the case of the A-site tRNA, we by proteins L7/L12 and its base have been seen in close cannot rule out an A/P hybrid state because the 3D map interaction with the factor. Particularly important is the does not allow an unambiguous tracing of the ssRNA putative interaction of the stalk that triggers the GTPase at its CCA end, and this flexible region could reach activity of EF-G (Savelsbergh et al., 2000) . The stalk is close to the P site on the 50S subunit. However, the known to be very flexible, but it is apparently stabilized occupation of this region by the P/P tRNA suggests that in some ribosomal binding states and thus could be fMet-Phe-tRNA Phe is still in the A/A configuration. This morphologically described (Agrawal et al., 1998; Stark indicates that, in the high-efficiency mRNA translation et al., 2000). However, in the current cryo-EM maps, no system we have used, there is no movement of tRNAs such stabilization is seen, as the stalk appears reduced to hybrid positions after peptide bond formation and by conformational averaging, so no conclusions can be prior to the interaction of EF-G with the ribosome. drawn about this region of the map.
A spontaneous translocation of tRNAs in the 50S subunit after the peptide bond formation would result in Implications for the Translocation Process P/E and A/P hybrid states for the tRNAs. The postulated An A-site tRNA, and particularly its anticodon, is redriving force in the mechanism is the difference in affiniquired for EF-G dependent translocation (Joseph and ties that This postulates a reciprocal coupling between the A and E sites that limits the number of tRNAs that can be 50S subunit the CC-puromycin used as an A-site tRNA analog remained in the 50S A site after accepting the simultaneously present on the ribosome (at the A and P sites, or P and E sites) during protein synthesis to peptide from the P site CCA analog, and this deacylated CCA was found in the 50S P site. Despite the fact that the maximally two. Our cryo-EM map of the pretranslocation complex does not support this model, since Figure 5 peptidyl-transferase reaction was fully accomplished in the crystals, the P and A site substrates did not move clearly shows three tRNAs, A-, P-, and E-site tRNAs, bound to the ribosome just after peptidyl-transfer in an from their original position, and it is reasonable to think that those analogs could have been moved easier than authentic elongation cycle. In the ␣-⑀ model the translocation of tRNAs is accomplished by movable ribosomal complete tRNA, which have multiple interactions with both ribosomal subunits. Nevertheless, the results in domains, and the tRNA-ribosome interactions are conserved. We observe that the ratchet-like rotation is acthat work (Schmeing et al., 2002) were still understood as fitting into a model of spontaneous movement of companied by the movement of the L1 stalk, but the combination of both motions still requires tRNA trantRNAs in the 50S subunit, and the structure was presented as a "pretranslocational intermediate." Our cryosients (as the visualized P/E hybrid position) that interact differently with the ribosomal subunits. EM study supports a different interpretation, namely that the movement of tRNAs to their hybrid sites occurs only Accordingly, we propose a model for the translocation mechanism in which the peptidyl-transfer reaction leads through the action of EF-G, and agrees with the X-ray structure of the 50S subunit after the peptide bond forto a ribosome with a deacylated tRNA in the P/P site and a peptidyl-tRNA in the A/A site ( Figure 5 ). The ribomation (Schmeing et al., 2002) .
In addition, the transition of the tRNAs to A/P and P/E some has been unlocked in this step so that it now can switch to a conformation with high affinity to EF-G in hybrid states due to the ribosomal interaction with EF-G would explain why the preribosomes are not puromycinthe GTP form. The switch involves a relative movement of the small subunit and a conformational change of the reactive (Moazed and Noller, 1989) until the binding of the elongation factor (Borowski et al., 1996) . This lack L1 stalk, and the combination of both motions results in an L1 stalk-tRNA interaction. During the switch, peptiof reactivity against the antibiotic would be the consequence of the fact that, before the binding of EF-G to dyl-tRNA in the A/A site moves to the A/P site and deacylated tRNA in the P/P site moves to the P/E site. After the prestate ribosome, the 3Ј end of the peptidyl-tRNA in the A site does not move to the P site in the 50S the hydrolysis of GTP and dissociation of inorganic phosphate, EF-G adopts the GDP conformation (Rodsubunit spontaneously, and therefore no substrate is nina et al., 2001), and the conformational change of the Table 2. dynamic representation.
In the rendering of the cryo-EM maps, the density cutoffs were set for the display of envelopes that represent ‫%041-%021ف‬ of the a priori estimated volume for the 70S ribosome complexes. Experimental Procedures
